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Abstract
Current trends in seismic design require a new approach, oriented in satisfying motion related
design requirements and limiting both structural and non-structural damage. Seismic isolation
and damping devices are currently used in buildings as two innovative performance-based
design approaches. This thesis explores the effectiveness and the differences of the two
methods in mitigating the motion of buildings when subjected to earthquake excitation. The
concept, advantages, constraints and limitations of the implementation of these two methods
are discussed. Major types of isolators and damping devices are presented. A comparative
analysis of the seismic response of a fixed base structure, a base isolated and a structure with
damping devices is performed with the use of SAP2000.
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Introduction
For many years conventional seismic design was based on increasing the strength of a building
in order to avoid its collapse and the loss of human life, permitting at the same time damage to
the structure and its contents. Recently, however, the effectiveness of this approach has been
questioned. The tendency toward more flexible structures, the increased design constraints on
motion in some of the new types of facilities, the advances in material science that resulted in
increased strength of engineering materials and the cost of repairing the structural damage
after an earthquake have made the use of a new approach necessary [2].
Seismic design in now oriented in limiting both structural and non-structural damage by
satisfying motion related design requirements. This trend towards motion based design has
accelerated the use of energy dissipation and absorption mechanisms in the structures in order
to mitigate their seismic response. Base isolation is one of the techniques currently used in
structures in order to reduce the damaging effects of seismic excitation. The objective of base
isolation is to decouple the structure from ground motion by introducing flexibility and
dissipating the earthquake energy input before it is transmitted to the structure. Another type
of motion control mechanisms are the damping devices. These devices, when installed at
discrete locations, introduce additional damping to the structure and enable it to dissipate the
earthquake energy absorbed.
The primary motivation for this thesis was to study and compare the use of base isolation and
of damping devices as methods of reducing the seismic response of buildings. In the first
chapter the concept of base isolation is discussed and major types of isolators are presented.
Constraints and limitations in the application of base isolation are also addressed. The second
chapter presents the idea of additional damping in structures and describes the most
commonly used damping devices. In chapters 3, 4 and 5 a comparative analysis of the seismic
response of a fixed base structure, a base isolated and a structure with damping devices is
performed. The results of the analysis are used in order to further discuss, understand and
draw conclusions on the effectiveness and the differences of the two methods in mitigating the
motion of buildings when subjected to earthquake excitation.
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1. Base isolation
1.1 Concept and Advantages
Seismic isolation in buildings is a passive structural control technique which is based on the idea
of decoupling the structure from ground movement. In most applications, the isolators are
added between the building's superstructure and its foundation and are referred as base
isolators. The isolation system provides flexibility and dissipates the energy input due to the
earthquake before it is transmitted to the structure.
Even though three dimensional isolation systems have been developed, the isolators used in
structures aim on decoupling the structure from the horizontal components of ground
movement, as these are usually more dangerous than the vertical ones.
The flexibility introduced shifts the fundamental frequency of the structure away from the
dominant frequencies of seismic excitations. This lengthening of the fundamental period results
in the avoidance of resonance and the significant decrease of the floor accelerations. In
addition, when a base isolation system is inserted, the superstructure, being relatively very stiff
compared to the flexible isolation, behaves as a rigid body. The rigid body motion of the
superstructure results in the reduction of inter-story drifts and consequently of the structural
and non-structural damage.
Apart from providing increased flexibility, base isolation behaves as an energy dissipation
mechanism which is concentrated at the isolation level. Compared to energy dissipation
mechanisms of conventional earthquake design it may be more easily designed, particularly to
withstand several inelastic cycles under reverse loading, and may be also monitored to ensure
appropriate performance [5]. The difference in the response under earthquake excitation
between a base isolated and a conventionally fixed-based building is illustrated in Figure 1.
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Figure 1: Response of base isolated and fixed-base structure due to ground motion
1.2 Major types of isolators
There are two basic types of base isolation systems:asg tructusystems and elastomeric bearings.
1.2.1 Sliding isolation systems
Sliding isolation systems work on the principle of friction and limit the transmission of the
seismic force to the structure. The transmitted force does not depend on the severity of the
earthquake but on the friction coefficient, making these devices very efficient under severe
events. The main advantages of sliding isolation systems are their relatively low cost and small
size. However, most of these devices lack of a restoring force and they may result in
considerable residual displacements after an earthquake. In addition, the coefficient of friction
varies with temperature changes and long term environmental subjection which may cause
increases in the seismic forces allowed to be transmitted.
The spherical sliding bearings (Figure 2) are a modified type of flat sliding isolation systems.
They have a concave in shape sliding surface and provide a restoring force, solving the problem
of residual displacements.
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Figure 2: Spherical sliding bearing
1.2.2 Elastomeric isolation systems
The seismic isolation systems that have been most widely adopted use elastomeric bearings
and typically consist of thin rubber layers bonded on thin steel plates as shown in Figure 3. The
steel plates increase the stiffness in the vertical direction without increasing the lateral
stiffness. In this way, the bearing becomes very stiff and strong in this direction providing a
vertical support for the structure and remains flexible in the horizontal direction, lengthening
the fundamental period of the structure.
Mounting
plate
Rubber
Steel shims
Figure 3: Typical natural rubber bearing [21
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Elastomeric bearings are usually combined with an energy dissipation mechanism as they have
low inherent damping resistance. An elastomeric bearing that uses a solid lead plug in the
middle to absorb energy is called lead-rubber bearing. Another type of bearing that is
commonly used is the high damping rubber bearing in which the damping of the rubber is
increased by adding carbon block and other fillers.
Lead rubber bearings
Lead rubber bearings are elastomeric bearings that consist of thin layers of natural rubber
between thin steel plates and a lead cylinder plug inserted into a preformed hole, deforming in
pure shear. A typical lead rubber bearing is illustrated in Figure 4.
Figure 4: Typical lead rubber bearing [7]
Lead is a material with high stiffness before yielding and thus a lead rubber bearing provides
initial rigidity under service lateral loads. When the plug is forced to deform plastically in shear
(yield stress of approximately 10.5 MPa), it dissipates energy hysteretically and the lateral
stiffness of the lead rubber bearing is significantly reduced. Lead regains its structure and its
elastic properties when the deformation is removed by the restoring force in the rubber [5].
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The force-displacement hysteresis loop of a lead rubber bearing can be modeled as bilinear
based on the following parameters: the initial high, prior to yielding, stiffness Kei , the post
yielding stiffness Kpj , the yield force Fy and the maximum displacement of the bearing. The
initial elastic stiffness of the bearing is equal to Kei = K, + Kr, where K, is the stiffness of the
lead plug and Kr the stiffness of the rubber, while the post yielding stiffness is equal to the
stiffness of the rubber. The ratio of the initial to the post yielding stiffness kei/kp is usually
taken to equal 10.
The behavior of a lead rubber bearing can also be modeled as linear with the use of an effective
stiffness Keff and the equivalent viscous damping ratio Geff. Figure 5 illustrates the bilinear
behavior of a lead rubber bearing.
F
Kei
KKer
U V U
Figure 5: Bilinear response of lead rubber bearing [2]
High damping rubber bearings
High damping rubber bearings are elastomeric bearings which consist of thin high damping
rubber layers bonded on thin steel plates. The damping of the rubber is increased by adding
carbon block and other fillers without changing its mechanical properties. In contrast to lead
rubber bearings that dissipate energy after yielding, these bearings have a continuous energy
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dissipation mechanism. However, they do not provide the initial rigidity under service lateral
loads, introducing the possibility of resonance with wind loads. In addition, their material
characteristics are sensitive to changes in temperature.
1.3 Application of base isolation
The implementation of base isolation is not always a suitable design approach. The feasibility of
its application depends on a number of factors such as its need, the suitability of the
superstructure and the cost effectiveness.
In general, base isolation should be used in areas of high seismicity, in cases that safety and
operation of the building after the earthquake are required, or in cases that reduced lateral
design forces are needed. In addition, base isolation has many times been successfully
implemented in existing structures as a retrofit technique [2].
Low to medium rise buildings (10 to 15 stories) which have fundamental frequencies close to
the usual dominant earthquake frequencies are the structures considered the most suitable for
the implementation of base isolation. The wind and other non-seismic lateral loads applied to
these structures should be less than approximately 10% of their weight.
Therefore, high rise buildings are not the best candidates for the application of base isolation as
they are flexible structures with fundamental frequencies already outside the resonance range.
In addition, wind is usually the dominant load in their design and base isolation does not
constitute an efficient solution for this load. Another reason for which base isolation should be
avoided in high rise buildings is the possibility of uplift of the isolators due to the axial loads and
overturning moments induced from seismic lateral loads. These overturning moments increase
as the ratio of height to width of the structure increases, introducing uplift forces to the
isolators.
The subsoil conditions should also be considered for the suitability of a structure. Base isolation
is more effective when the foundation soil is stiff and should be avoided in cases of soft soils as
they impose long period input motions to the structure. As far as the surrounding structures are
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concerned, the site should permit large horizontal relative displacements between the
superstructure and the foundation of the order of 20 to 30 in.
In terms of cost, the incorporation of base isolation in a new building requires an additional cost
of the order of 1 to 5% of the structural cost [8]. Apart from the initial cost of the bearings,
there are also other cost factors that need to be considered: additional members and changes
required to insert the isolators, maintenance and inspection costs not only after an earthquake
but also during the life-span of the structure, loss of area used to accommodate the motion of
the base.
Even though it is difficult to compare seismic isolation with traditional design in economic terms
because of their different performance and the uncertainties associated with their response,
typically the use of base isolation results in construction cost savings due to lower seismic
forces [5]. Other savings related with base isolation have to do with the reduction of structural
and non-structural damage, especially when building safety, post-earthquake operability and
protection of the buildings' contents are required, and reduction in deaths, injuries and
lawsuits.
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2. Damping Devices
2.1 The Concept of Damping
When a building is subjected to external excitations such as wind and earthquakes it absorbs
energy. Part of this energy input is stored as strain energy. Damping is the process by which
structures dissipate this energy, reducing the strain energy absorbed. In this way, the response
of the system gradually decreases.
The inherent damping of structures cannot be as accurately calculated as its other dynamic
characteristics [9]. Typically, the damping of a building lies in the range of 1-5% of critical. The
value of inherent damping depends on a number of factors, such as the architectural
components of a structure, its structural system, the mechanical equipment and the exterior
cladding. The idea of introducing additional damping to a building with the use of damping
devices is not new. Dampers are mechanisms that, when installed at discrete locations in
structures, they can provide 5% to 50% of critical damping. The damping mechanisms used in
buildings are divided into two categories, passive and active.
The difference between passive and active energy dissipation is that passive mechanisms do
not require external energy whereas active mechanisms cannot function without an external
source of energy. Active damping is achieved by monitoring the input and output of the
structure and adjusting the input and possibly also the system itself in order to obtain the
desired response. In contrast, passive control systems, once installed, cannot be modified
instantaneously to compensate for an unexpected loading [2].
Even though active control systems offer the advantage of being modified according to the
changes in the surroundings, there are several reasons for which passive mechanisms are more
prevalent in structural systems. First of all the cost is significantly increased when an active
system is used. In addition, since the active energy dissipation mechanisms are imparting
energy in the building the stability of the system is an issue that requires special attention.
Passive devices can be divided into the four following categories: viscous, coulomb or dry
friction, hysteretic and visco-elastic.
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2.2 Fluid Viscous damping
Viscous dampers are the energy dissipation mechanisms where the damping force varies only
with velocity. This constitutes their main advantage, as the forces they generate are out of
phase with drifts and column bending moments. Therefore, viscous dampers reduce drifts and
shear forces in the structure, without introducing a substantial axial force component in phase
with the displacement.
The damping force introduced by a viscous damper is equal to
velocity in the direction of F and c is the damping coefficient,
damping device. The energy dissipated per cycle by a viscous
subjected to periodic excitation is W = c - Qr -d 2 - 2 and is equal
plot in Figure 6 [2].
-U
F = c -n, where it is the
which is a property of the
damping device when it is
to the enclosed area of the
F
U
it sin Ot
U
2T
f-fl
Figure 6: Viscous response: periodic excitation [21
Fluid viscous dampers operate on the principle of fluid flow through orifices. A typical fluid
viscous damper is displayed in Figure 7. It consists of a stainless steel piston that travels
through chambers that are filled with a silicon fluid and an accumulator [14]. As the position of
the piston rod changes, the silicone fluid flows through orifices in the piston head, creating a
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resisting force that depends on the velocity of the rod [2].The primary manufacturer of fluid
viscous dampers in the United States is Taylor devices Inc. [14].
When used in buildings, fluid viscous dampers are incorporated in the bracing system of the
structure. They can be efficiently used in diagonal, chevron and toggle bracing as illustrated in
Figure 9.
Seal retainer
.I
Seal Compressive
silicon fluid
Accumulator
housing
II
Piston Rod Piston head Control valve
with orifices
Figure 7: Schematic diagram of a viscous damper [2]
Rod makeup
accumulator
Figure 8: Fluid viscous dampers - 50.000 pounds output [14]
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* BEZEL
BEIE1
a) Diagonal bracing with dampers
7I'B
LE7W
b) Chevron bracing with dampers
c) Toggle bracing with dampers
Figure 9: Typical fluid damper installations
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2.3 Friction damping
Friction dampers are defined as the energy dissipation mechanisms that generate a damping
force with a constant magnitude and with direction opposite to this of the vibrating body. This
force is introduced by sliding friction between adjacent surfaces. They are relatively inexpensive
and easy to construct devices.
When compared to a fluid viscous damper, a friction device displays three major differences.
First of all, friction dampers introduce damping forces and create stresses that are in phase with
the regular stresses of the columns. In addition, since the damping force has a constant
magnitude these devices cause continual stress to the structure. The third difference is that
when friction dampers are used, it is possible to introduce undesirable residual deformations to
the structure after seismic events.
Typically, a friction damper device consists of several steel plates separated by shims of friction
pad material that slide against each other in opposite directions [1].
Figure 10: Possible arrangements of steel plates in friction dampers [1]
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Figure 11: Friction damper used in a cross bracing scheme [2]
2.4 Hysteretic damping
Hysteretic dampers (alternatively called yielding dampers) are defined as the dissipation
mechanisms where the energy is absorbed by yielding deformation of the material composing
the device. Hysteretic dampers can be designed to dissipate energy in bending, or in tension
and compression. The form of the damping force-deformation relationship depends on the
stress-strain relationship for the material and the makeup of the device [2].
Hysteretic dampers contribute damping to the structure after the point of yielding. This
constitutes their major drawback as under serviceability loads they are not effective and they
only contribute stiffness.
One type of yielding dampers is the buckling restrained brace illustrated in Figure 12. A buckling
restrained brace consists of a slender steel core, a bond preventing layer and a casing. The core
is fabricated with highly ductile low strength steel, carries the loads and when it yields it
dissipates energy. The bond preventing layer wraps the steel core and its function is to
decouple it from the casing. The outer casing which is usually filled with concrete acts as a
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restraining mechanism against the flexural buckling of the core and its buckling load is selected
to equal the yielding force. In this way, the bracing can be used for both tension and
compression.
Spacer
Material
Metal core
Casing Unbonding
material
Figure 12: Buckling restrained brace [2]
2.5 Viscoelastic damping
Another type of damper is the viscoelastic damper which is fabricated by steel plates separated
by thin sheets of viscoelastic material. In such a damper, energy dissipation is achieved through
controlled shearing of solids. The behavior of a viscoelastic damper is similar to this of a viscous
damper with the difference that it adds stiffness to the structure and therefore a non-linear
element needs to be defined when a viscoelastic damper is modeled. Figure 13 illustrates a
common viscoelastic damper.
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F/2
F/2
Viscoelastic
material
Figure 13: Visoelastic damper [10]
One of the drawbacks of these dampers is the strong dependence on the temperature. At low
temperatures the force is significantly increased and the bonding agent used to glue the
viscoelastic material to its steel attachments is overloaded. In contrast, at high temperatures
the output of the damper is reduced [14]. In addition, unlike the fluid viscous dampers whose
input varies only on velocity and is out of phase with column stresses, viscoelastic dampers
cause in phase stresses to columns.
However, there are cases that viscoelastic have been found to respond better than fluid viscous
dampers due to the stiffness that they add to the structure.
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3. Seismic Analysis of the Fixed-Base Structure
3.1 Model
In order to investigate the effects and the differences of the aforementioned systems the
software SAP2000 was used and a multi-story steel building was modeled. The structural
system of the building studied consists of moment frames and bracing. Its geometry is shown in
Figure 14. It is a doubly symmetric structure with four stories and three spans in both
directions. In the x direction the spans are respectively 25-20-25ft long while in the y
direction all three spans are 20 ft long. The story height is 13 ft. The use of a simple structure
was mainly dictated by the need to understand the performance of the different systems used
and to focus on their effectiveness and differences instead of focusing on problems created due
to the complexity of the structure. The building was first designed to the provisions of ASCE 7-
05 for gravity and wind loads using SAP2000. The material used in the structure is steel A992
and the default values of the program were kept. Once the building was designed a modal
analysis was performed and the fundamental period of the structure was found to be Tfixed =
0.463 sec.
Figure 14: Geometry of four story building
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3.2 Seismic Loading
In order to define the seismic response of the studied structure a linear direct-integration time
history analysis was performed using SAP2000. For the time history analysis a set of twenty
actually recorded and representative ground motions of the region of California was selected.
The ground motion records were downloaded from the Peer Ground Motion Database and
were used to define the time history functions. For each time history analysis all three
components of each earthquake (two horizontal and one vertical) were inserted as the input
excitation.
The acceleration time history records were given in units of g and were scaled to the highest
peak ground acceleration of the set (Loma Pietra - ag = 0.6718 -g). Plots of acceleration data
for some representative ground motions are shown in Figures 15-21. The rest of the plots can
be found in Appendix A.
Even though the records were scaled to the same peak ground acceleration substantial
differences in the response of the structure are expected. These differences are associated with
the characteristics of each earthquake, such as the duration of the strong shaking and the
frequency of the excitation, and can be identified in the plots that follow.
The damping of the structure was chosen to be proportional to the mass and the stiffness. The
mass and stiffness coefficients were defined by choosing a critical damping equal to 3% for the
first and second period.
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Figure 15: Northridge earthquake ground acceleration (Lake Hughes #1-Fire Station #78)
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Figure 16: Imperial Valley ground acceleration (Compuertas Station)
Figure 17: San Fernando ground acceleration (LA Hollywood Stor. Lot Station)
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Figure 18: Superstition Hills ground acceleration (El Centro Imp. Co. Center Station)
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Figure 19: Loma Pietra ground acceleration (Coyote Lake Dam Downstream Station)
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Figure 20: Loma Pietra ground acceleration (Waho Station)
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Figure 21: Imperial Valley ground acceleration (Chihuahua Station)
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3.3 Response of the Structure
Once the model was created and the time history load cases were defined, the first step was to
run the time history analysis for all twenty cases in order to define the response of the fixed
structure under seismic excitation. As it was mentioned before, despite the fact that all the
ground motions were scaled to the same peak ground acceleration different response of the
structure is expected for each of them. These differences are attributed to a number of factors
such as the duration of shaking, the frequency of the excitation and the number of peaks in the
ground motion. The different response of the structure when subjected to ground motions with
diverse characteristics can be seen in the plots of Figures 22 and 23. In these plots the relative
displacement between the second and the third floor of the building in the x direction due to
two different ground motions is displayed. The corresponding ground acceleration time
histories have been presented in Figures 20 and 21. It can be seen that the Loma Pietra ground
motion which has duration of strong shaking approximately 10 seconds results in a gradually
increased response, with values of relative displacement close to each other during the strong
shaking and a maximum relative displacement Vmax = 0.906 in. In contrast, the Imperial Valley
ground motion which does not have a continuous period of strong shaking, but ground
acceleration reaches its peak value at three different times and then decreases, results in a
similar to the excitation response with maximum relative displacement vmax = 1.332 in.
Therefore, it becomes obvious that no safe conclusions could have been drawn if not an
adequate number of recorded ground motions had been used. The response of the structure
when subjected to each seismic excitation was found (acceleration, displacement, inter-story
drift) and the average value of these responses was calculated. This average value can now be
safely used for further analysis and discussion.
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Figure 22: Relative displacement in the x direction between the second and third floor
due to Loma Pietra ground motion (Waho Station) - fixed base structure
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Figure 23: Relative displacement in the x direction between the second and third floor
due to Imperial Valley ground motion (Chihuahua Station) - fixed base structure
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I
Earthquake induced damage in buildings is usually measured using two parameters: inter-story
displacements and floor accelerations. When inter-story drift exceeds a certain level severe
damage to both structural and the non-structural components of the building will be caused.
Some non-structural components such as exterior cladding, piping and ceilings are also
sensitive to floor accelerations. High floor accelerations can also damage the contents and the
equipment of a building. However, reduction of both inter-story drifts and floor accelerations
leads to a conflict. When stiffness is added in a building the relative displacements between
floors are reduced, but this leads to higher floor accelerations. In contrast, floor accelerations
can be reduced with the use of a more flexible structural system but this leads to higher inter-
story drifts.
It is generally considered that beyond a drift ratio of 0.02 the non-structural damage in a
building is extensive. In addition, for floor accelerations with a value beyond 1.4 -g, total
damage of the acceleration sensitive components can be assumed [13]. Many times, in order to
translate the inter-story drift to damage, the following inequality is used:
1 U 1
400 h ~ 40
where, u is the relative displacement between the floors and h is the story height. For values
close to 0.025 total non-structural damage is considered while for values close to 0.0025
almost no damage is achieved.
In the studied building the maximum relative displacement is observed between the second
and third floor, in the position shown in Figure 24. In the same figure the joint with the
maximum absolute acceleration is displayed. Tables 1 and 2 present the values of these two
parameters due to each earthquake as well as their average value.
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Figure 24: Position of maximum inter-story displacement and absolute acceleration observed
The maximum inter-story drift and acceleration observed in the building are approximately:
U 1
h 100
a 3.34 - g
It is obvious that the bracing adds stiffness to the building resulting in high floor accelerations
and reduced inter-story drifts. Even though this value of drift is generally acceptable in
structures in case of extreme events, it can cause undesirable damage to a building. In addition,
the building itself acts as an amplifier of the ground vibrations and the floor accelerations
increase over its height [4].
38
In the chapters that follow, the effectiveness of base isolation and of damping devices in
reducing both the inter-story drifts and the accelerations will be investigated. In the case of
passive energy dissipation, fluid viscous dampers will be selected as the devices incorporated to
the building. The decision for this type of dampers was lead mostly by the fact that these
devices dissipate energy effectively and at the same time they remain relatively inexpensive.
Fluid viscous dampers are also the devices mostly used in buildings. For the base isolation
system, lead plug bearings will be used.
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Inter-story drift
Inter-story displacement in inches (x=70, y=60)
first story
Ground Motion Direction
second story
Direction
Northridge (Lake Hughes #1)
Northridge (Leona Valley #2)
Imperial Valley (Chihuahua)
Imperial Valley (Compuertas)
Imperial Valley (El Centro Array #12)
Imperial Valley (El Centro Array #13)
Imperial Valley (Plaster City)
San Fernando (LA Hollywood Stor. Lot)
Superstition Hills (El Centro Center)
Superstition Hills (Wildlife Liq. Array)
Loma Pietra (Agnews State Hospital)
Loma Pietra (Anderson Dam)
Loma Pietra (Coyote Lake Dam)
Loma Pietra (Halls Valley)
Loma Pietra (Hollister South & Pine)
Loma Pietra (Hollister Diff. Array)
Loma Pietra (Waho)
Northridge (LA Baldwin Hills)
Northridge (LA -Centinela)
Northridge (LA Hollywood Storage FF)
Average inter-story displacement
Inter-story drift (u/h)
x
0.5724
0.7548
0.8101
0.5919
0.7973
0.6383
0.8029
0.5170
0.7280
0.7144
0.5683
0.8902
1.1230
1.4130
1.0660
y
0.7855
0.8077
1.0600
0.7463
0.8527
0.7744
0.8627
0.6024
0.8282
0.8849
0.4953
0.9732
1.4770
1.7930
1.4180
x
0.8424
1.1180
1.2570
0.8422
1.2420
0.9685
1.0870
0.8362
1.1190
1.0520
0.8732
1.3630
1.7420
2.1200
1.6790
0.1 1.L1Ou 1I.427U
0.5855 0.7599 0.8902
0.8948 1.0930 1.4020
0.5507 0.6579 0.7611
0.8529 0.9517 1.2560
0.7911 0.9506 1.1939
0.00511 0.001 0.0077
y
1.1400
1.1940
1.5900
1.0690
1.2900
1.0890
1.1990
0.9271
1.2890
1.2620
0.7539
1.4970
2.2040
2.6550
2.1240
1.7650
1.0020
1.5850
0.8935
1.3520
1.3940
0.100819,
x
0.8599
1.1370
1.3320
0.9622
1.3740
1.0000
1.0400
0.9855
1.2170
1.0530
0.9107
1.4090
1.9250
2.1820
1.8620
1.4670
0.9063
1.5670
0.9170
1.3080
y
1.2070
1.3480
1.6990
1.0650
1.5350
1.1130
1.3740
1.1290
1.5060
1.2440
0.8503
1.6190
2.3530
2.7750
2.3700
1.8390
1.0960
1.6470
1.1420
1.4050
1.2707 1.5158
0.0082 U.097
x
0.5474
0.7108
0.7971
0.6158
0.8767
0.5977
0.7706
0.6602
0.7760
0.6042
0.5563
0.8484
1.2130
1.2760
1.1690
0.8659
0.6367
0.9860
0.6884
0.8321
y
0.7973
0.8981
1.0730
0.7448
1.0060
0.7505
1.1410
0.8181
1.0360
0.8352
0.5913
1.0290
1.4790
1.7020
1.5560
1.1260
0.7960
1.1050
0.9138
1.0790
0.8014 1.0239
0.o 5 0.06
Table 1: Inter-story drift due to different ground excitations - fixed base structure
third story
Direction
fourth story
Direction
0
Absolute acceleration
Direction
X y
Northridge (Lake Hughes #1) 752 940.5
Northridge (Leona Valley #2) 1092 1117
Imperial Valley (Chihuahua) 1364 1212
Imperial Valley (Compuertas) 937.3 843.3
Imperial Valley (El Centro Array #12) 1423 1331
Imperial Valley (El Centro Array #13) 993.5 912.3
Imperial Valley (Plaster City) 1469 1760
San Fernando (LA Hollywood Stor. Lot) 1222 1029
Superstition Hills (El Centro Center) 1003 1213
Superstition Hills (Wildlife Liq. Array) 1026 994.3
Loma Pietra (Agnews State Hospital) 1217 979.5
Loma Pietra (Anderson Dam Downstr.) 1567 1364
Loma Pietra (Coyote Lake Dam Downstr.) 1611 1748
Loma Pietra (Halls Valley) 1299 1886
Loma Pietra (Hollister South & Pine) 1486 1771
Loma Pietra (Hollister Diff. Array) 865.9 1242
Loma Pietra (Waho) 1531 1257
Northridge (LA Baldwin Hills) 1591 1301
Northridge (LA -Centinela) 1192 1199
Northridge (LA Hollywood Storage FF) 1975 1659
Average acceleration 1280.835 1287.950 in/sec2
3.3175 3.3359 g
Table 2: Absolute acceleration due to different ground excitations - fixed base structure
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4. Seismic Analysis of the Base-Isolated Structure
4.1 Design of the Isolation System
As it was discussed in Chapter 1, the lead rubber bearings consist of thin layers of natural
rubber bonded on steel plates and a lead cylinder plug. The bearing has initial high, prior to
yielding stiffness, providing the necessary rigidity for the service lateral loads. Making the
approximation that the rubber component can be represented by a linear viscoelastic element
and the lead plug by a linear elastic-perfectly plastic one, the force response relationship can be
considered bilinear. The stiffness of the lead plug is equal to Ki = Ap -G,/h, and the stiffness
of the rubber is K, = Ar -Gr/hr. Therefore the total initial elastic stiffness is
eLK+KAy Gy Ar -G,Kel = K, + Kr = A p+ r-G
hp hr
When the lateral forces applied to the bearing exceed the yield force F the stiffness is reduced
significantly:
K =Ar - Gr
hr
Typically, the initial elastic stiffness Kei is chosen to be 10 times the post yield stiffness Kpi.
Sometimes, the behavior of a lead plug bearing is defined with the use of an effective stiffness
Keff and an effective damping (eff. Figure 5 that illustrates the bilinear force displacement
relationship and was introduced in Chapter 1 is presented again.
F
F, - -
Kei
Kpf
U
Uv Y
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In order to design the appropriate isolation system for the four-story building a design
fundamental period for the base isolators and the structure should be defined. The
fundamental period of the structure with fixed base was determined from SAP2000.
Tjixe, = 0.463 sec
Having already designed the building for gravity and wind loads the members are known and
the weight is found.
w = 106.788 kips
Detailed tables with the size of the members and weight calculations can be found in Appendix
B. The stiffness of the fixed base building is found using the equation:
k2xe w 2 - 7r 2 wfixed = -+ kfixed = Wfrixed 2 - k ixed= (' --
kfixed = 50.891 kips/in
The isolation system will introduce flexibility to the structure and will lengthen the fundamental
period. The design period for a structure with isolators is usually chosen in the range of 2.5-3
seconds.
Tdesign = 3 sec
Using this design period the new stiffness of the structure with the isolation system can be
calculated.
kdesifgn = 1.213 kips/in
The structure and the isolation system can be treated as two springs in series with equivalent
stiffness the design stiffness calculated above. Once the stiffness of the isolation system is
defined it is divided by the number of isolators in order to calculate the effective stiffness of
each. One isolator will be placed below each column, giving a total number of 16 isolators.
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keq = kdesgn - kfixed - kisoi system
kfixed+ kisoi-system
kisoi system
kisoi system = keff = 1.242 -> kisolator - 16 = 0.078 kips/in
The isolators should be designed to stay in the elastic range under service wind loads. The wind
load applied to the structure has been calculated according to the provisions of ASCE 7-05
using the simplified procedure and is set equal to the yield force F of the isolation system.
Fy = Pwina = 37 kips
In order to define the initial elastic Kei and the post yielding KpI stiffness of the isolation system
the maximum relative displacement umax at the isolation level should be calculated. The
structure with the isolators can be considered a single degree of freedom system with total
mass the mass m of the structure and stiffness the equivalent stiffness keq. Using the design
response spectrum provided from IBC2003 for the region of California, and specifically for the
city of San Francisco, the spectral acceleration for a single degree of freedom system with
period of 3 seconds and 5% damping is found.
Sa = 0.264
California was selected as a representative region of high seismicity and is also the region from
which ground motion records were used to define the time history functions in SAP2000. The
value of the spectral acceleration Sa should be adjusted for a damping of 3%, which is the
inherent damping of the structure [11].
Sa
Sa 0.8 - Sa = 0. 3 3 -+ Sd = = 2 9 .045 in -> Umax = 30 in
The effective stiffness can be expressed using the force displacement relation of a bilinear
system.
Fmax Fy(1 - ) + kpi -Umax
keff -> kpi = 0.133 kips/inUmax Umax
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If the ratio kei/kpi is taken equal to ten then the initial elastic stiffness of the isolation system
will be ket = 1.329 kips/in.
However this isolation system, even though it would effectively decrease the seismic forces
transferred to the structure, allows significant displacements due to the wind loads close to
28 in. In order to decrease these displacements a new elastic stiffness will be defined setting a
limit of Uwind = 5 in. Using the same equations and procedure we get:
Uwind = 5 in -> kei = 7.4 kips/in
-> kPI = 0.740 kips/in
-keff = 1.691 kips/in
The period of the structure with the isolation system is has been reduced to approximately
T ~ 2.5 sec.
The effective damping coefficient ceff of the isolation system can now be calculated using a
critical damping of ( = 15%.
Ceff = 2 - - m = 0.205 kips -sec/in
The characteristics of each isolator are found by dividing the values that represent the isolation
system by the number of isolators. Table 3 presents the parameters needed to define the
behavior of the isolation system as a whole and of each isolator separately.
Isolation System(kips/in) Isolator(kips/in)
keff 1.691 0.106
ceff 0.205 0.013
0.74 0.046
Table 3: Base isolation system summary
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It is obvious that the isolation system with the characteristics defined in the table above cannot
represent a system used in an actual building. The values of both the initial elastic and the post
yielding stiffness are low, resulting in isolators that are not feasible to be designed (small
diameter). This happens due to the low weight of the structure. In order to simplify the analysis
only the structural members of the building were included in the SAP2000 model while other
components which add weight to a structure, such as the walls and the mechanical equipment,
were not included. However, this does not question the accuracy of the analysis and of the
conclusions drawn about the effectiveness of the isolation system. This isolation system still
remains appropriate for the specific structure that is studied.
4.2 Response of the Structure
Once the isolators were added to the model, the time history analysis for the same twenty
ground motions was run. As it was expected, the results of the analysis revealed that the base
isolation introduced flexibility to the structure and lengthened its fundamental period. The
building was decoupled from the ground motion and its response due to the same ground
excitations changed significantly. In contrast to the fixed structure, where the maximum
relative displacement was observed between the second and the third floor, these maximum
values of the base isolated building are found in the same corner but in the first story. The
maximum absolute acceleration is still observed in the same joint. Figures 25 and 26 illustrate
the relative displacement of the first story of the building, at the place where the maximum
values are observed, due to the Loma Pietra and the Imperial Valley ground motions. When
compared to the corresponding figures of the fixed structure, it becomes obvious that the use
of isolation shifts the frequency of the structure away from the dominant frequencies of seismic
excitations resulting in reduced inter-story drifts. The fundamental mode which involves
deformation only in the level of the isolation system and rigid body motion of the
superstructure, dominates the response of the isolated building. Tables 4 and 5 present the
values of the inter-story displacement and acceleration due to each earthquake as well as their
average value.
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The maximum inter-story drift and acceleration observed in the building are approximately:
U 1
h 400
a 0.27 -g
Therefore, it can be safely concluded that the use of this base isolation system can protect the
structural and non-structural components of the building as well as its contents and equipment
even in case of excitations with high values of ground acceleration.
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Figure 25: Relative displacement in the x direction between the second and third floor
due to Loma Pietra ground motion (Waho Station) - isolated structure
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Figure 26: Relative displacement in the x direction between the first and second floor
due to Imperial Valley ground motion (Chihuahua Station) - isolated structur
Inter-story drift
Inter-story displacement in inches (x=70, y=60)
first floor second floor third floor fourth floor
Ground Motion Direction Direction Direction Direction
x y X y X y X y
Northridge (Lake Hughes #1) 0.2188 0.2526 0.1227 0.1493 0.1038 0.1424 0.0667 0.0972
Northridge (Leona Valley #2) 0.3702 0.4478 0.1857 0.2293 0.1369 0.1764 0.0729 0.1076
Imperial Valley (Chihuahua) 0.2998 0.3584 0.1470 0.1795 0.1153 0.1472 0.0648 0.0888
Imperial Valley (Compuertas) 0.1156 0.1472 0.0572 0.0785 0.0698 0.0887 0.0485 0.0634
Imperial Valley (El Centro Array #12) 0.4473 0.5169 0.2348 0.2627 0.1750 0.1967 0.0918 0.1060
Imperial Valley (El Centro Array #13) 0.4356 0.5057 0.2328 0.2643 0.1792 0.2072 0.0960 0.1113
Imperial Valley (Plaster City) 0.2744 0.3413 0.1340 0.1752 0.0970 0.1265 0.0611 0.0871
San Fernando (LA Hollywood Stor. Lot) 0.2560 0.3250 0.1276 0.1752 0.1033 0.1380 0.0708 0.0970
Superstition Hills (El Centro Center) 0.3973 0.5300 0.1957 0.2959 0.1431 0.2365 0.0780 0.1445
Superstition Hills (Wildlife Liq. Array) 0.6638 0.8324 0.3224 0.4293 0.2183 0.3132 0.1059 0.1735
Loma Pietra (Agnews State Hospital) 0.5208 0.6518 0.2567 0.3403 0.1802 0.2553 0.0911 0.1446
Loma Pietra (Anderson Dam) 0.2078 0.2565 0.1131 0.1427 0.0974 0.1270 0.0563 0.0771
Loma Pietra (Coyote Lake Dam) 0.4804 0.5790 0.2439 0.2978 0.1732 0.2197 0.0873 0.1184
Loma Pietra (Halls Valley) 0.3282 0.4129 0.1669 0.2231 0.1206 0.1721 0.0616 0.0980
Loma Pietra (Hollister South & Pine) 0.3868 0.4882 0.1912 0.2579 0.1395 0.1946 0.0747 0.1104
Loma Pietra (Hollister Diff. Array) 0.4862 0.5445 0.2567 0.2684 0.1908 0.1965 0.1021 0.0980
Loma Pietra (Waho) 0.1226 0.1431 0.0644 0.0720 0.0621 0.0738 0.0444 0.0540
Northridge (LA Baldwin Hills) 0.3169 0.3764 0.1714 0.2060 0.1403 0.1749 0.0801 0.1037
Northridge (LA -Centinela) 0.1380 0.1721 0.0787 0.1044 0.0743 0.0931 0.0516 0.0648
Northridge (LA Hollywood Storage FF) 0.2189 0.2703 0.1132 0.1455 0.0846 0.1141 0.0449 0.0656
Average inter-story displacement 0.3343 0.4076 0.1708 0.2149 0.1302 0.1697 0.0725 0.1006
lnter-storydrft (ufh) 0.0021 0.00.26 0.0011 0.0014 0i0008 0.0011 0.0005 0;0006
Table 4: Inter-story drift due to different ground excitations - base isolated structure
Absolute Acceleration
Northridge (Lake Hughes #1)
Northridge (Leona Valley #2)
Imperial Valley (Chihuahua)
Imperial Valley (Compuertas)
Imperial Valley (El Centro Array #12)
Imperial Valley (El Centro Array #13)
Imperial Valley (Plaster City)
San Fernando (LA Hollywood Stor. Lot)
Superstition Hills (El Centro Center)
Superstition Hills (Wildlife Liq. Array)
Loma Pietra (Agnews State Hospital)
Loma Pietra (Anderson Dam)
Loma Pietra (Coyote Lake Dam)
Loma Pietra (Halls Valley)
Loma Pietra (Hollister South & Pine)
Loma Pietra (Hollister Diff. Array)
Loma Pietra (Waho)
Northridge (LA Baldwin Hills)
Northridge (LA -Centinela)
Northridge (LA Hollywood Storage FF)
Average acceleration
Direction
x y
70.94 101.50
76.47 119.20
65.94 93.82
57.77 73.76
143.00 86.92
121.50 81.80
75.46 96.99
67.19 106.00
89.59 168.40
134.80 167.90
90.56 139.10
51.13 78.58
73.88 106.80
63.70 100.40
146.80 134.60
136.40 111.50
58.29 62.92
86.20 89.72
61.26 76.14
71.96 73.39
87.142 103.472
0.226 0.268
Table 5: Absolute acceleration due to different ground excitations - base isolated structure
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in/sec2
g
5. Seismic Analysis of the Structure with Damping Devices
5.1 Design of Dampers
In contrast to base isolation which lengthens the fundamental period of the structure and
reduces the seismic forces transferred, fluid viscous dampers reduce the resonant structural
response of a structure by adding damping.
The damping force of a fluid viscous damper depends only on the damping coefficient c of the
device and the relative velocity i between the two ends of the damper. The optimal design of
fluid viscous dampers used in a building includes defining their optimal position, number and
size so that they produce the desired response. Once the desired response of the structure and
the damping that needs to be added have been determined, the position of the dampers can be
decided based on individual judgment. However, the placement of dampers affects the number
and the size of the devices needed which is mostly a cost issue. A lot of methods have been
used in order to optimally design the dampers used in a building.
Typically, for low to medium rise building dampers are placed on every floor the one above the
other, so that a vertical line of dampers is created in the whole height of the building. However,
this approach is impractical when applied to high rise buildings as it increases significantly the
cost.
For the design of the dampers that need to be added to the building, the inter-story drift
achieved with the use of base isolation is defined as the desired response of the structure.
Based on this response, an iterative procedure should be followed using SAP2000 in order to
determine the position and the size of each device. This procedure revealed that in order to
achieve the desired behavior dampers should be placed in the two un-braced sides of the
structure, in the middle bay and in every floor of the building. The stiffness coefficient of each
damper is c = 15 kips -sec/in.
When dampers are added to a building they are incorporated in its bracing system. In figure 9
different configurations of dampers with bracing were presented. However, in the SAP2000
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model created, no bracing was added in the position of the dampers. This decision was partly
dictated by the need to simplify the analysis but it was mostly driven by the need to focus on
the response of the dampers and their effect to the total response of the structure and not
changing the characteristics of the structure. The SAP2000 model of the studied building with
the dampers is presented in Figure 27. In the same figure the position of the maximum inter-
story drift and absolute acceleration found with the analysis that follows are highlighted.
Figure 27: Position of fluid viscous dampers in the building
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5.2 Response of the Structure
Once the optimal position of the dampers was found and the model in SAP2000 was created
the time history analysis for the same twenty ground motions was run. As mentioned before,
the design of the dampers used was based on achieving the same inter-story drift with the base
isolated building. As it can be seen from Table 6, the values of the inter-story drifts are really
close to those acquired with the use of base isolation. The added damping to the building
lowered the resonance response without altering its natural period. However, fluid viscous
dampers did not result in the same decrease in the floor accelerations.
The maximum inter-story drift and acceleration observed in the building are approximately:
U 1
h 800
a ~ 1.54 -g
It is obvious that these damping devices do not decrease the floor accelerations as effectively
as the base isolation. Even though dampers with a higher damping coefficient were placed in
the model and the analysis was run again, floor accelerations were not reduced. Therefore, it is
safe to conclude that fluid viscous dampers would have been more effective in a less stiff
structure. The use of bracing adds stiffness to the building resulting in increased floor
accelerations and reduced inter-story drifts. The added damping in a stiff structure cannot
decrease the floor accelerations below the ground acceleration.
Recently, the concept of having a relatively weak structure and adding dampers to control the
inter-story drifts has been proposed. This can be achieved by integrating the design of the
structure with that of the added dampers. In that case a nonlinear elastic behavior of the
structure is preferable in preventing structural damage while limiting the maximum internal
forces and hence the total accelerations [6].
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Inter-story drift
Inter-story displacement in inches (x=70, y=60)
first floor second floor third floor fourth floor
Direction Direction Direction Direction
x y x y x Y x y
Northridge (Lake Hughes #1) 0.1162 0.1453 0.1204 0.1464 0.0881 0.1118 0.0628 0.0699
Northridge (Leona Valley #2) 0.1922 0.1977 0.1920 0.2126 0.1322 0.1557 0.0714 0.0812
Imperial Valley (Chihuahua) 0.1454 0.2111 0.1523 0.1969 0.1182 0.1410 0.0644 0.0855
Imperial Valley (Compuertas) 0.1781 0.1125 0.1727 0.0755 0.1294 0.0566 0.0793 0.0377
Imperial Valley (El Centro Array #12) 0.1358 0.1825 0.1313 0.2119 0.1006 0.1669 0.0693 0.0920
Imperial Valley (El Centro Array #13) 0.1701 0.1684 0.1768 0.1594 0.1270 0.1044 0.0664 0.0595
Imperial Valley (Plaster City) 0.1307 0.1745 0.1373 0.1856 0.1124 0.1417 0.0683 0.0764
San Fernando (LA Hollywood Stor. Lot) 0.1431 0.1788 0.1299 0.1761 0.0999 0.1215 0.0678 0.0633
Superstition Hills (El Centro Center) 0.1645 0.1453 0.1833 0.1486 0.1376 0.1065 0.0732 0.0585
Superstition Hills (Wildlife Liq. Array) 0.1821 0.2431 0.2048 0.2582 0.1479 0.1835 0.0654 0.0882
Loma Pietra (Agnews State Hospital) 0.1157 0.1493 0.1106 0.1436 0.0838 0.1027 0.0578 0.0621
Loma Pietra (Anderson Dam) 0.1513 0.2044 0.1461 0.2069 0.1078 0.1515 0.0673 0.0824
Loma Pietra (Coyote Lake Dam) 0.1574 0.2207 0.1604 0.1908 0.1154 0.1333 0.0622 0.0757
Loma Pietra (Halls Valley) 0.1471 0.2345 0.1552 0.2173 0.1132 0.1620 0.0602 0.0922
Loma Pietra (Hollister South & Pine) 0.2068 0.2279 0.2090 0.2388 0.1383 0.1587 0.0644 0.0723
Loma Pietra (Hollister Diff. Array) 0.2267 0.2141 0.2151 0.1726 0.1530 0.1150 0.0796 0.0614
Loma Pietra (Waho) 0.1206 0.1214 0.1304 0.1265 0.0993 0.0956 0.0615 0.0699
Northridge (LA Baldwin Hills) 0.1249 0.1470 0.1368 0.1280 0.1121 0.0828 0.0781 0.0441
Northridge (LA -Centinela) 0.1007 0.1476 0.0978 0.1376 0.0700 0.1020 0.0485 0.0613
Northridge (LA Hollywood Storage FF) 0.1642 0.1842 0.1431 0.1794 0.1002 0.1342 0.0597 0.0818
Average inter-story displacement 0.1537 0.1805 0.1553 0.1756 0.1143 0.1264 0.0664 0.0708
nter-story drft ju/h) 0.0010 0.0012 0.0010 0.0011 0.0007 0.0008 0.0004 0.0005
Table 6: Inter-story drift due to different ground excitations - structure with damping devices
.. ....... .... 
Absolute acceleration
Direction
x y
Northridge (Lake Hughes #1) 460.2 523.1
Northridge (Leona Valley #2) 443.4 570.0
Imperial Valley (Chihuahua) 535.9 430.5
Imperial Valley (Compuertas) 522.7 411.6
Imperial Valley (El Centro Array #12) 450.6 587.5
Imperial Valley (El Centro Array #13) 1 649.2 574.3
Imperial Valley (Plaster City) 871.0 606.9
San Fernando (LA Hollywood Stor. Lot) 973.0 781.1
Superstition Hills (El Centro Center) 598.9 432.9
Superstition Hills (Wildlife Liq. Array) 713.9 820.0
Loma Pietra (Agnews State Hospital) 499.4 490.0
Loma Pietra (Anderson Dam) 644.2 567.3
Loma Pietra (Coyote Lake Dam) 612.7 659.4
Loma Pietra (Halls Valley) 410.4 451.5
Loma Pietra (Hollister South & Pine) 321.1 440.6
Loma Pietra (Hollister Diff. Array) 309.8 533.4
Loma Pietra (Waho) 904.2 1048.0
Northridge (LA Baldwin Hills) 713.2 511.4
Northridge (LA -Centinela) 607.9 573.2
Northridge (LA Hollywood Storage FF) 660.9 686.5
Average acceleration 595.130 584.960 in/sec2
1.5414 1.5151 g
Table 7: Absolute acceleration due to different ground excitations - structure with damping devices
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Conclusion
The thesis has investigated the use of base isolation and of damping devices as two different
performance-based methods in mitigating the motion of buildings when subjected to
earthquake excitation. Their main features, advantages and disadvantages, different devices
used and constraints in their implementation have been discussed throughout the chapters of
this thesis. Finally, in order to investigate the differences of the two proposed methods and
their effectiveness in reducing the seismic response of buildings, the software SAP2000 was
used. A base isolation system and fluid viscous dampers were designed and implemented in a
multi-story steel building. A time history analysis was performed and the results were used for
further discussion in order obtain a better understanding of these two different design
techniques and safely draw the conclusions presented below.
When a base isolation system is added between the building's structure and its foundation, it
provides flexibility and dissipates the earthquake energy input before it is transmitted to the
structure. The flexibility introduced lengthens the fundamental period of the structure resulting
in the avoidance of resonance and the significant decrease of the floor accelerations. In
addition, the superstructure behaves as a rigid body which leads to the reduction of the inter-
story drifts and consequently of the structural and non-structural damage.
In contrast to base isolation which lengthens the fundamental period of the structure and
reduces the seismic forces transferred, fluid viscous dampers reduce the resonant structural
response of a structure by adding damping.
It has become evident that both seismic isolation and the incorporation of fluid viscous
dampers in a building can efficiently address earthquake loading, providing safety and at the
same time preventing damage. However, the two techniques do not have the same
effectiveness in every structure. Base isolation is a suitable design scheme for low to medium
rise buildings which have fundamental frequencies close to the usual dominant earthquake
frequencies. When base isolation is used in such buildings it can effectively reduce both inter-
story drifts and floor accelerations. High rise buildings, which are flexible structures and wind is
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usually the dominant load, are not the best candidates for the application of base isolation. In
contrast, fluid viscous dampers are more effective in flexible buildings, where the floor
accelerations are reduced and the inter-story drifts are high. Damping devices work on the
principle of reducing the resonant seismic response and can effectively reduce the inter-story
drifts observed in a building. However, they cannot reduce floor accelerations to the same
extent as base isolation. For this reason, when fluid viscous dampers are incorporated in new
structures, the design of the structure should be integrated with that of the added devices in
order to reduce both inter-story drifts and accelerations.
Therefore, it is obvious that the selection of the one technique over the other depends on a
number of parameters that have to do with the characteristics of the structure, its use and the
reasons for which a reduced response is required. Base isolation is an attractive approach when
protection of sensitive equipment is needed and it is mostly used in buildings that need to
remain operational after a severe earthquake. In all the other cases, as well as when retrofitting
of a building is considered, dampers may be a more convenient and less labor intensive
solution.
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Figure A.1: San Fernando ground acceleration in all three directions (LA Hollywood Storage Lot Station)
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Figure A.2: Imperial Valley ground acceleration in all three directions (Chihuahua Station)
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Figure A.3: Imperial Valley ground acceleration in all three directions (Compuertas Station)
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Figure A.4: Imperial Valley ground acceleration in all three directions (El Centro Array #12 Station)
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Figure A.5: Imperial Valley ground acceleration in all three directions (El Centro Array #13 Station)
63
30 4
0
.o-
0
0
0
0
4.'
-(U
Time (sec)
E
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
Time (sec)
Orientation: 1350
0.8
0.6
-0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
Time (sec) Orientation: Up
Figure A.6: Imperial Valley ground acceleration in all three directions (Plaster City Station)
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Figure A.7: Superstition Hills ground acceleration in all three directions (El Centro Imp. Co. Center Station)
65
to
r-
0
0
C
0
0
U
U
0
20 30_ 40
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
SOVPn "'V ,30
11111111 il,,6i iloIL 'l ,AN
fiJ 11 11)11iI
Orientation: 90*
Orientation: Up
Figure A.8: Superstition Hills ground acceleration in all three directions (Wildlife Liquefaction Array Station)
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Figure A.9: Loma Pietra ground acceleration in all three directions ( Agnews State Hospital Station)
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Figure A.10: Loma Pietra ground acceleration in all three directions (Anderson Dam Downstream Station)
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Figure A.11: Loma Pietra ground acceleration in all three directions (Coyote Lake Dam Downstream Station)
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Figure A.12: Loma Pietra Ground acceleration in all three directions (Halls Valley Station)
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Figure A.13: Loma Pietra ground acceleration in all three directions (Hollister South and Pine Station)
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Figure A.14: Loma Pietra ground acceleration in all three directions (Hollister Diff. Array Station)
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Figure A.15: Loma Pietra ground acceleration in all three directions (Waho Station)
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Figure A.16: Northridge ground acceleration in all three directions (LA Baldwin Hills Station)
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Figure A.17: Northridge ground acceleration in all three directions (LA - Centinela Station)
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Figure A.18: Northridge ground acceleration in all three directions (LA Hollywood Storage FF Station)
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Figure A.19: Northridge ground acceleration in all three directions (Lake Hughes #1 - Fire Station #78)
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Figure A.20: Northridge ground acceleration in all three directions (Leona Valley #2 Station)
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20 25 30 35
Beams lbs/ft
W12x3 30
W8x28 28
W8x18 18
W12x40 40
W10x26 26
W12x26 26
W14x43 43
W8x21 21
W10x22 22
W6x20 20
W12x30 30
W10x33 33
Columns lbs/ft
Length (ft) Number Weight
25 13 9750
25 2 1400
20
25
20
20
25
20
20
20
20
20
10
12
10
6
4
15
3
4
12
4
3600
12000
5200
3120
4300
6300
1320
1600
7200
2640
Length (ft) Number Weight
W14x43 43
W10~x49 49
W8x35 35
W10x45 45
W8x31 31
W12X513 53
W12x72 72
W12x658 5
W12x65 65
13
13
13
13
13
9
14
7
3
3
13 4
13 3
13 3
W10x33 33 13 1
5031
8918
3185
1755
1209
1,378
3744
2535
429
W12x4U 40 13 3 1560
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B.
Bracing Ibs/ft Length (ft) Number Weight
W6x2O 20 23.85 2 954
Wao24 24 2A8 3 1772
W8x31 31 23.85 3 2218.05
Total 106788.3
Table B.1: Weight of the structure
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